Nowadays, around 1.1 billion people in rural and remote areas of developing countries remain without electricity. Stand-alone projects that combine the wind and photovoltaic generation technologies as well as microgrids and individual supplies for the distribution network are an adequate strategy to reach such isolated regions. However, the design of electrification projects is complex, having to define the best combination of generation and distribution technologies, under a challenging social context and tight techno-economic resources. In order to ease decision-making, several tools have been developed in the literature and are here reviewed, grouped into three main categories: optimisation processes, aiming to minimise project costs subject to technical constraints, through exact or heuristic algorithms; multicriteria processes, using different methods to select the best among a set of predefined scenarios according to economic, technical, social and environmental criteria; and systematised tools, that have been developed to provide user-friendly interface for their larger dissemination in different regions and contexts. Hence, this paper aims to provide researchers and practitioners an analysis of the advantages and limitations of approaches used over the last decade when addressing the designing of wind and/or photovoltaic electrification projects for extremely poor and isolated areas in developing countries, as well as some areas for further research.
Introduction
In 2015, the United Nations defined the Sustainable Development Goals, the seventh of which is to: "ensure access to affordable, reliable, sustainable and modern energy for all" (UNDP, 2015) . In particular, in 2030 each human being in the planet should have between 50 and 100 kWh/year of electric energy. Indeed, electricity access favours (DFID, 2002; Baldwin et al., 2015) : developing productive activities, increasing study hours, accessing new telecommunication technologies, using low polluting cooking and heating technologies, night attention at health centres, refrigerating vaccines and food, etc. In particular, the positive impacts of electricity for remote populations have been highlighted in terms of lower family expenses on traditional energy supply (kerosene, batteries, mobile recharging, etc.), while improving indoor air conditions (Obeng et al., 2008; Aklin et al., 2017) . In addition, when appropriately conceived, electricity supply can help to increase family incomes, having more daily hours to study or work, and even for entertainment (Grimm et al., 2014; Karumba and Muchapondwa, 2017) . Finally, the increase of women decision-making within families, has also been reported (Samad et al., 2013) .
However, nowadays still 1.1 billion people lack of electricity, especially in rural areas of developing countries (IEA, 2017) . In order to provide electricity in such regions, most governments extend the national electric grid, but significant technical and economic limitations occur in mountainous and hardly accessible areas with dispersed houses and low end-user demands (Kaundinya et Regarding electricity distribution, given the dispersion between houses in rural communities of developing countries, many electrification projects consider individual supplies (Ferrer Martí et al., 2010; Domenech et al., 2014) : independent electricity generation, storage and distribution for each demand point (houses, health centres, schools, etc.). Alternatively, microgrids simultaneously feeding several demand points have significant advantages (Alzola et al., 2009; Kirubi et al., 2009) : the consumption of a point is not limited by its emplacement, equity between users is favoured, costs can be saved through higher opportunities for economies of scale and the consumption flexibility is improved. Thus, microgrids have proven beneficial to provide electricity to isolated communities autonomously (Mendes et As observed, the design of stand-alone electrification projects for remote communities is not straightforward, having to define the generation (wind and/or PV) and distribution (individual supplies and/or microgrids) technologies. In fact, a global rural electrification assessment promoted by the World Bank suggested the need for further developments in the analysis of the location and size of equipment for stand-alone and microgrid systems (ESMAP, 2007) . Consequently, support tools to assist project developers in decision-making are highly recommended (Hiremath et al., 2007) . In this context, the contribution of this paper is to update the literature regarding the design of such off-grid electrification solutions for remote and very poor populations in developing countries. The purpose is not an extensive literature review, but a general overview about the most relevant approaches used over the last 10 years (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) , in order to bring the problem closer to non-expert readers looking for a global and non-technical perspective. Hence, the contribution of this paper is to provide researchers and practitioners an insight on the advantages and limitations of models and tools used in the literature when addressing the design of wind-PV electrification projects for remote and poor locations. So, in the following section, a problem description is provided to delimit the focus of this paper, identifying three types of design approaches, described in the next sections. First, the better design solution is optimised through mathematical models, aiming to maximise or minimise an objective function subject to some technical constraints. Second, the most balanced design solution is sough through multicriteria decision-making processes, according to technical, economic, social and environmental criteria. Third, systematised tools with user-friendly interfaces to assist project developers in several contexts are reviewed. The last section summarises the most relevant findings regarding the reviewed approaches as well as areas for further research. Finally, the main conclusions are summarised.
Problem definition
As explained in the introduction, this paper focusses on the design of wind-PV stand-alone electrification systems for remote villages in rural areas of developing countries. When conceiving the electricity distribution, individual supplies are cheaper in communities with dispersed demand points; while microgrids are the best option for villages with concentrated points (Chaurey & Kandpal, 2010b) . However, this work focuses on villages with a medium dispersion, where each demand point can be supplied through an individual supply or a microgrid; which has been a less studied in the literature (Rojas-Zerpa, 2012). Consequently, in addition to the socioeconomic issues, the design of such systems may be technically seen as a complex combinatorial optimisation problem (Notton et al., 2011) . On the one hand, all possible generator combinations (wind and/or PV) must be explored in order to satisfy the electricity requirements of population, according to the availability of energy resources. On the other hand, all possible connections between demand points must be explored, balancing microgrids extension (and subsequent benefits) and cost increases when connecting far demand points (Ferrer-Martí et al., 2012; Nygaard & Dafrallah, 2016) . Figure 1 illustrates the problem focussed. On the left image, a traditional system where all demand points are individually supplied through wind turbines is represented. Logically, the larger the demand, the larger the generator implemented. On the right image, microgrids are implemented to supply concentrated points, taking advantage of economies of scale, while isolated points are fed through individual supplies. The wind and solar technologies are used according to the resources available at each point. This combinatorial optimisation problem becomes even more challenging when including additional equipment for the appropriate functioning of electrification systems. First, wind-PV solutions are generally implemented together with a battery storage to bridge the gap between the electricity production and consumption periods (Li et al., 2013; Singh et al., 2017) . Batteries are loaded when there is production but no consumption (usually daily hours), while they supply electricity in non-production periods (usually non-windy nights). Second, inverters transform the direct current (DC) output from batteries into alternating current (AC). Although such devices are not always used to save costs (Gandini & de Almeida, 2017), they enable endusers to connect a wider range of electrical appliances (Singh et al., 2015) . Finally, microgrids can be conceived under different schemes (Soshinskaya et al., 2014; Prakash et al., 2016) . The radial configuration, connections in form of a tree and power flowing in one direction from a single generator location, is the technically simplest and cheapest option; being suitable for rural areas. Figure 2 shows the wind-PV-battery systems considered in this paper with distribution as individual supplies or radial microgrids.
In addition to the design complexity, the techno-economic resources available for implementing such electrification projects are generally limited. (2010) propose to change the concept adjusting the technical design of electrification systems to the social requirements.
As observed, the design of wind-PV-battery stand-alone electrification systems for rural villages of developing countries, combining microgrids and individual supplies, is a challenging multifaceted problem (Zhou et al., 2010) . Support tools must be user-friendly in order to assist project developers under complex social framework and tight budgets. Evaluations must be performed based on issues such as: energy poverty, demand requirements, energy resources, lifecycle cost-benefit, affordability and sustainability (Zhou et al., 2010; Shrestha & Acharya, 2015) . In the following sections, different approaches for the design of such systems are reviewed.
Sidebar title: The complex design of electrification projects in a rural context The design of stand-alone electrification projects for rural-poor communities in developing countries may be seen as a complex combinatorial optimisation problem. On the one hand, all possible generator (wind-photovoltaic) combinations must be explored in order to satisfy the electricity requirements of population, according to the availability of energy resources at the region. On the other hand, all possible connections between demand points must be explored, balancing microgrids extension (to increase the benefits of such configurations: higher development opportunities, equity in consumption, etc.) and techno-economic issues (costs increases and large voltage drops when connecting demand points too far from each other). In addition, social aspects must be taken into account in order to ensure the project satisfies the real needs and expectations of population, as well as the community feels owner of the project to ensure its appropriate operation and maintenance along the project lifetime. All this activity is generally performed by local governments and NGOs, under limited technical resources and tight budgets. Therefore, the implementation of electrification projects becomes a challenging task, being the technical design subject to the social constraints and issues.
Bhattacharyya (2012) distinguishes five methodological approaches: worksheet-based, optimisation, multicriteria, system-based participatory and hybrid approaches. This paper focusses on optimisation and multicriteria processes, which have the higher interest for researchers and practitioners on rural electrification. Optimisation models seek to define the solution that maximise or minimise an objective function, subject to some constraints or limitations in the solution value. Multicriteria methods pretend to find a balanced solution, according to a set of criteria that better represents the problem preferences. Although both approaches aim to find the best solution, each one uses a different strategy. Optimisation can be seen as a box where some input data is introduced and, though a mathematical process, the best solution is obtained. Consequently, the quality of the solution is directly linked to the quality of the input information. On their behalf, multicriteria methods require from a higher involvement of the decision-maker, to define and adjust decisions according to his/her preferences. As a result, a unique solution is not generally sought but some recommendations about the best set of solutions. In the following sections, first optimisation and then multicriteria processes used to design wind-PV systems for remote locations are reviewed. Although the scope of this paper is projects design, some articles going beyond are also included, particularly for multicriteria. In fact, optimisation models can reach detailed electrification solutions sizing and locating the equipment to be implemented. In contrast, multicriteria tools assist decision-makers in selecting among predefined solutions. Consequently, while optimisation has been widely used to size wind-PV facilities, multicriteria has been utilised for such a purpose (for instance, to select the location for wind turbines (Cavallaro & Ciraolo, 2005) ), but also for project planning (for instance, to decide among gridconnected, microgrid and individual supplies (Rahman et al., 2013)). Note that both approaches are generally not substitutes to each other, but may be complementary (Alarcón-Rodríguez et al., 2010; Bhattacharyya, 2012). Finally, an additional section focussing on systematised tools is included in this paper. Such tools are internally based on optimisation, multicriteria or both processes, but have been distinguished since they provide user-friendly interfaces to be used by researchers and practitioners in several contexts and countries. Such tools do not consider the specific details of each case study, but use general decision-making processes that can be used for very dissimilar communities.
Optimisation processes
Alarcón-Rodríguez et al. (2010) recommend seeking a balance between the model reliability regarding reality and the quality of the resolution process. A too simplified model and a very detailed resolution process will lead to "a real-solution to a non-problem"; while a very detailed model and a too simplified resolution process will lead to "a non-solution to a real-problem". In this regard, Jebaraj & Iniyan (2006) state that energy models can support decision-making close to reality, although it is still necessary to pursue research regarding supply security, equipment location and social acceptance (Alvial-Palavicino et al., 2011). In addition, energy models must include an assessment of demand and generation, as well as an analysis of the social impacts of electrification projects at a local scale, analysing the optimal combination of technologies at a short and medium term (Hiremath et al., 2007) .
The development of exact algorithms to solve different problems is currently a dynamic research area obtaining significant improvements in calculation times (Fomin & Kratsch, 2010) . In particular, Atamtürk & Savelsbergh (2005) state that linear programming is gaining attention as a computational tool to provide optimal or near-optimal solutions for strategic and operational optimisation problems. As indicate Baños et al. (2011) , nowadays problems that a few years ago were though unsolvable can be solved thanks to new hardware developments.
Combination of energy resources
The main scope of research when looking at optimisation models for the design of renewable energy-based electrification systems in isolated poor areas is the analysis of a combination of energy sources in order to supply the demand (Zhou et al., 2010; Baños et al., 2011; Bhattacharyya, 2012) . Generally, the energy resources and the demand are studied, although the deepness of each work depends on the publication and consequently exact or heuristic procedures have been used to solve the models.
Urban et al. (2007) identify and compile the characteristics of developing countries in order to evaluate whether 12 tools, commonly used in industrialised countries to assist decision-making when planning the future of energy systems, are suitable when applied to such a new context. As a result, the authors conclude about the need to develop specifically-oriented models to address the particular issues of the developing world. In this regard, Ashok (2007) develop an iterative algorithm to design the electrification system of a rural community in India, including the wind, solar and hydro technologies. To do so, all possible combinations of technologies are examined, minimising costs, while using diesel generators and battery storage as a backup to ensure supply continuity. Zamani & Riahy (2008) develop an optimal sizing method putting special attention on the wind resource. To do so, the instantaneous wind speed variations are analysed for a specific site and the system generation and storage capacity are accordingly sized. Ekren & Ekren (2009) propose a simulation model to optimise the design of a hybrid wind-PV system with battery storage to cover the demand of a university campus in Turkey. A detailed analysis of energy resources is included, as well as several demand profiles; using diesel generators to improve the system robustness. Saheb-Koussa et al. (2009) genetic algorithm to design a PV-wind microgrid for Kuala Terenggan (Malaysia), balancing the project cost and loss of load probability. The optimisation process is organised in three steps: the PV array tilt angle, the energy sources and the inverters size. Mostofi & Shayeghi (2012) propose an optimisation model that minimises the net present cost of wind-PV-hydro projects with hydrogen storage, applying results to a 12-village area in Blue Qarahsou (Iran). Given the problem complexity, a genetic algorithm, executed in MATLAB, is developed for the model resolution. Trazouei et al. (2013) develop and compare three approaches based on the imperialist competitive algorithm, particle swarm optimization and ant colony, to optimally design a stand-alone wind-PV-diesel system in Iran. The objective is to minimise the project cost, including constraints linked to supply reliability and loss of power probability. Results show the imperialist competitive algorithm to be faster and more accurate this paper. Belouda et al. (2013) propose an integrated optimal design of wind-battery systems in order to size the system capacity satisfying the demand at a minimum cost of ownership. Bogno et al. (2015) evaluate the supply of a school in sub-equatorial Africa by analysing a wind-PV-storage system. Progressive combinations of wind-PV generators are analysed until reaching the minimum cost of the storage system. Chauhan & Saini (2016) propose a method to integrate several technologies for the supply of a village cluster in India. In order to size the system, an operation strategy is proposed to minimise the loss of power supply probability, ensuring continuity of supply. The project cost of several technological options is minimised using the discrete harmony search algorithm. Mandelli et al. (2016b) present a sizing methodology for off-grid electrification projects, trying to adapt results to the local requirements by optimising the levelised cost of supply and lost energy. Results are applied to a rural community in Uganda.
Design of microgrids
As observed, the works focussing on the combination of energy resources size and, in some cases, located the generation system. However, the way as electricity is distributed to end-users is not defined. Alternatively, the design of microgrids has been studied from different perspectives, including a high technical detail, but has been less investigated within the context of developing countries (Ponce de Leao & Matos, 1999 ) develop a linear programming model that simultaneously includes the detail of the energy and power demand, select the line option according to voltage drops and considers conventional and renewable technologies as well as a storage system. As a result, the minimum cost size and location of generation and storage equipment is defined, as well as the microgrid distribution scheme. However, a single microgrid is considered without including individual supplies. In addition, the microgrid structure is a ring, which is very expensive to be considered as a possibility in many rural poor areas. 
Multicriteria processes
Electrification of rural areas in developing countries is a complex task, requiring not only techno-economic aspects, but also social ones (Lillo et al., 2015a) . In this regard, taking into account the multiple criteria nature of the problem is a key issue to ensure the community appropriation of the project and, thus, favour its sustainability at a medium and long term ) propose a general 4-step structure to be followed in any decision process when comparing a set of different alternatives under several criteria: criteria definition, criteria weighting, alternatives evaluation and aggregation of results. In this section, first the criteria definition and weighting are described as most papers simultaneously focus on both aspects. Then, the alternatives evaluation and the aggregation of results are analysed, as the aggregation is commonly used as an extension or sensitivity analysis of the evaluation results.
Criteria definition and weighting
The definition of criteria consists in identifying the relevant criteria to take a decision regarding the design of electrification systems according to the local characteristics (Wang et al., 2009 (Edwards, 1977) . Methods within the second category aim to minimise subjectivity by reducing typical inconsistencies from direct assignment. Probably, the most common method is the Analytic Hierarchy Process, AHP, which allows quantifying the consistency of decisionmakers to validate the weighting of criteria (Saaty, 1980) . More complex weighting methods have also been developed in the literature, some of them under a mathematical approach, although from a research point of view; while their usefulness for energy planning, and particularly rural areas of developing countries, still has to be studied (Wang, et al., 2009 ).
Alternatives evaluation and results aggregation
The evaluation of alternatives consists in assessing each scenario or electrification option according to each defined criterion (Wang et al., 2009 (Brans et al., 1986 ). ELECTRE selects a preferred set of alternatives, assuming that alternative A outranks B, if A is preferred to B in a minimum amount for some criteria, while B is preferred to A in a maximum amount for other criteria. PROMETHEE calculated a global preference index, through pair-wise comparisons between alternatives regarding each criterion, ranking them accordingly. These methods are progressively used as they avoid compensations; i.e. they do not allow a very negative value in a criterion to be balanced by a very high value in another one (Polatidis et al., 2006; Zhou et al., 2006). Generally, they are used is to distinguish most acceptable alternatives among a large set of options (Greening & Bernow, 2004) . However, the concept of threshold is not always clear and may be seen as black boxes where decision-makers do not interact across the internal process (Loken, 2007) .  Goal, aspiration and reference level models. The alternatives are compared to an ideal solution (the best for all criteria) and classified accordingly (Loken, 2007) . Some methods included are goal programming and compromise programming (Romero, 1993) . For instance, compromise programming utilises the mathematical concept of distance to classify the alternatives according to their closeness to the ideal solution. These methods are easy-to-use and understand, are less subjective than value measurement models and enable interaction with decision-maker (Loken, 2007) . In particular, compromise programming can achieve results shortly when the amount of criteria is limited and has been used recently (Romero, 1993) . For example, Cherni et al. (2007) use the technique to define energy systems for remote regions according to 5 criteria, as described later in this paper. An extension of the compromise programming is TOPSIS, which includes the concept of anti-ideal solution (the worst for all criteria), using it to analyse the expansion of electrical capacity generation (Yang & Chen, 1989) . VIKOR schematises the decision-making process and has been used for the selection of renewable energy options (San Cristóbal, 2011). . This fact, widely reported in the literature, is caused by the uncertainty and subjectivity nature of multicriteria decision-making. For instance, having to decide about the weight of a criterion may not be straightforward, and decision-makers might maybe have an idea about a qualitative assessment (very important, important or not important) but quantifying such decision is probably not exact. Therefore, the aggregation of results consists in using different multicriteria methods for a specific decision process, and then converge results through voting or mathematical techniques (Eppel, 1992 2013) develop a technique based on Stochastic Multicriteria Acceptability Analysis (SMAA-2) to evaluate several technologies for off-grid electrification, which considers probability distributions for the uncertain decisions as weighting or evaluating criteria. However, the usefulness of the aggregation of results in rural areas of developing countries is limited and no references have about found in that regard. Alternatively, different works do not provide a final solution as a result of the multicriteria decision process, but a set of recommendations or approximate rankings about the scenarios analysed (Georgopoulou et al., 1997).
Systematised tools
An interesting review of 68 software tools for renewable resources integration in energy systems can be found in Connolly et al. (2010) . Moreover, Sinha & Chandel (2014) compare software tools used to assist in the design of electrification projects from a wider perspective, organising them into six groups according to their relation with: rural electrification planning and mapping, resources assessment, technical system design and analysis, financial planning / business model development, operations and management, and others. In fact, a large amount of tools has been developed aiming to respond to the specific needs of each studied area. However, here only the most relevant tools specifically regarding the design of electrification projects in rural areas are described.
Probably, the most commonly used tool worldwide is HOMER, developed by the National Renewable Energy Laboratory, NREL (Akikur et al., 2013) . Even specific reviews only focussing on the application of the HOMER tool can be found (Bahramara et al., 2016) . This software technically and economically optimises the design of the generation system that better satisfies a specific electricity demand requirement. To do so, a large amount of technologies is considered, including stand-alone conventional (diesel generators) and renewable (solar, wind, micro-hydro, biomass) sources, a battery storage and grid-connection. In addition, a high detail in the demand requirements and the energy resources can be taken into account, as well as uncertainty in parameters such as technology costs. As a result, technically, the number and size of equipment needed is obtained; while, economically, from an estimation of lifecycle (investment, substitution, operation and maintenance) costs, comparisons can be made between different technological options. Moreover, other technical issues such as the yearly electricity production, the excess energy supplied, the demand covered using renewables, etc. are also studied. Some recent examples about the use of HOMER to specifically design wind-PVbattery systems in developing countries can be found in: Bangladesh ( Figure 3 shows an example of a wind-PV-battery system modelled using HOMER to supply a set of houses and a school. Both generators and the battery are connected to a DC bus linked to the AC bus, from where the loads are supplied, through a converter. Regarding the electrical network, ViPOR, also developed by NREL, is an optimisation software that allows designing the distribution system for a community (Lambert & Hittle, 2000; Williams & Maher, 2008) . From a map of the target area (in order to include terrain complexity), the location of demand points and their electricity requirements, and the costs (investment, operation and maintenance) of equipment, ViPOR evaluates the electrification of each point through a microgrid or individual supplies. To do so, the simulated annealing algorithm is used to minimise costs in two phases: first the low voltage network is conceived, identifying the consumption points to be electrified through the microgrid or individually; and then the medium voltage network is designed, determining the location for transformers and the generation system. Applications of ViPOR for the analysis and design of electrification projects in remote areas can be found in Ghana ( Figure 4 shows an example of solution obtained for a fictitious community using ViPOR. The solution defines the minimum cost location for generators, among a set of possible locations, the microgrid structure through medium (MV) and low (LV) voltage lines from generators to demand points (houses and community infrastructures) and the individual supplies.
An interesting advantage of the HOMER and ViPOR software is that they can be used together (Mendes et al., 2011) . HOMER designs the generation system, combining several technologies, while ViPOR defines the electrical network scheme, combining microgrids and individual supplies. Thus, a comprehensive tool is achieved to entirely design electrification projects. However, ViPOR still has some limitations in the network design (voltage drops are not considered), the solving process of both tools is based on non-exact heuristic algorithms, that can overstate results (Abdul-Salam & Phimister, 2016), and the use of two tools may not be easy for decision-makers and require several iterations to attain adequate results. In addition, both software focus on an economic and technical analysis, without considering social issues that have proven to be a key issue to ensure projects' success in rural areas of developing countries (Ostergaard, 2009 ; Gómez-García & Bartolomé, 2010; Müggenburg et al., 2012).
Figure 4: Solution combining a microgrid and individual supplies for a fictitious community, using ViPOR
An additional utility of the HOMER software is the sensitivity analysis to study the influence of some input parameters on the solutions. Applications for wind-PV-battery systems can be found in Bangladesh (Nandi & Ghosh, 2010) or Kenya (Lukuyu & Cardell, 2014) , among others. In fact, it has been demonstrated that uncertainties in the estimation of the load profile and the energy resources can have a significant impact on the obtained results (Mandelli et al., 2016c) . In this regard, an interesting software for the robust design of stand-alone electrification systems has been recently developed (Brivio et al., 2017) . The tool called Poli. NRG is structure in four phases: (a) input data gathering concerning weather conditions and demand; (b) inputs processing to determine the load and energy resources profiles over the project lifetime; (c) modelling and simulation of several electrification solutions evaluating the techno-economic performance; and (d) output formulation of the most robust design through an optimisation process. Therefore, a comprehensive tool is achieved to design suitable electrification projects according to the characteristics of each context.
Up to there, the reviewed software tools are based on optimisation processes for the design of off-grid solutions. Under a different approach, SURE-DSS, developed within the Renewable Energy for Sustainable Rural Livelihoods (RESURL) project, uses compromise programming to assess the impact of different technology options on a studied village, according to physical, financial, natural, social and human criteria (Cherni et al., 2007; Henao et al., 2012 ). This tool is specifically developed for developing countries and starts from a predefined interview to gather information about the population characteristics. With this information, the software calculates the demand requirements, including domestic and community uses, as well as the available energy resources at the area. Then, different technological options are defined and evaluated according to their impact on the five criteria. The software user can next define the relevance of each criterion in order to get the best technical option. However, only a general definition of solutions is provided, without detailing the electrical distribution network. In addition, as a decision support system (DSS), it provides information without allowing the software user to interact along the decision-making; which can be a limitation in areas where transparency and clarity in decision is particularly fundamental to ensure end-users satisfaction.
Applications of the SURE-DSS can be found in South Africa (Brent & Kruger, 2009 ), Colombia (Henao et al., 2012) and Cuba (Cherni et al., 2016) . On their behalf, Colombo et al. (2018) propose a comprehensive framework extending SURE-DSS to measure the impact of an energy development project in the livelihood of local population in Ethiopia. Figure 5 shows an example of application of the SURE-DSS tool to a real community in Colombia realised in Henao et al. (2012) . The output quantifies how good each studied technology is for the village, according to five different criteria. Keller et al. (2007) develop the OptElDec simulation tool which has flexibility to be used in different contexts and its structure in two phases: an optimisation and a multicriteria process. So, first several scenarios are generated sizing the generators for different generation technology combinations in order to cover diverse energy usages. Then, the AHP technique is used to select the best scenario, considering the opinion of all stakeholders involved, distinguishing between quantitative (energy cost, unmet demand, etc.) and qualitative (social acceptance, visual impact, etc.) criteria. However, a single technology may be installed at each generation point and the distribution scheme is not analysed (a single microgrid is considered without defining its structure).
Finally, a comprehensive methodology has been proposed by the authors of this paper (Domenech et al., 2015b) , to guide project developers across the design of wind-PV-battery stand-alone electrification projects in rural communities of developing countries. Although not a public software, the methodology is included given its flexibility to be adapted to different contexts. Figure 6 shows the scheme of the methodology. Some assessments are initially carried out to gather information about the socioeconomic characteristics of the target community and its population, the wind and solar resources, and the equipment available in the region. Then, the design process is performed in three decision levels, ordered according to the importance of the decisions taken (Thery & Zarate, 2009) . At the three levels, the cost is minimised since it is an important limitation in rural areas of developing countries. In addition, at the first level, the energy usages covered are analysed to satisfy real end-user demand requirements. At the second level, the configuration of the electrical distribution is examined to ease the way as the electrification project is managed. At the third level, the typology of equipment installed is studied to improve the security of supply. As shown in Figure 6 , each decision level is divided in two steps. First, a set of electrification options is generated using a mathematical model developed by the same set of authors (Ferrer-Martí et al., 2013; Domenech et al., 2015a). Then, the most appropriate option is selected based on economical, technical and social criteria, using the compromise programming multicriteria technique (Domenech et al., 2015b) . The whole process is complemented by an iterative procedure to test many design options while progressing in-depth into the problem, depending on the results obtained so far.
As a result, the minimum cost, size and location of the equipment to install is obtained, as well as the individual supplies, the microgrids and their structure. 
Main findings and discussion
From the literature review, it can be concluded that optimisation models can be classified into two main categories. On the one hand, models focussing on the minimum cost sizing of a generation system in order to satisfy the specified demand, according to the energy resources. A great detail in the equipment to be installed is considered, through an hourly analysis over a year to ensure the appropriate dimension of generators. Consequently, this approach is suitable when the assessment of the energy demand and resources has been carried out in a deeply manner and a certainty context, as the suitability of the solution is inevitable linked to the quality in the estimation of such values. This means having appropriate equipment to measure the wind and solar resources in the target area, and suitable tools to gather information about electricity consumption of end-users. Considering that population is moving from traditional energy sources into electricity, this task may be challenging (Gómez-García & Bartolomé, 2010).
On the other hand, the above models do not examine the way as electricity is shifted from generators to end-users, assuming a unique microgrid scheme. Consequently, several optimisation models analyse the electrical issues along electrical lines to ensure the appropriate performance of microgrids, maximising supply quality or minimising energy losses. Very few models study the combination of microgrids, at concentrations of demand points, and individual supplies, for farther houses. These models allow addressing a common characteristic of rural villages in developing countries, where there is a group of houses with some houses and the main buildings (as school, church, health centre, etc.) and scattered points for farmers (Rojas-Zerpa, 2012). In global terms, optimisation models allow designing suitable electrification solutions from a techno-economic perspective. However, social issues are still an issue, as their modelling is not generally feasible because they respond to end-user preferences rather than specific design characteristics.
Alternatively, multicriteria processes have been used to assist project developers across decision-making. This approach allows taking into account several criteria simultaneously, quantifying the qualitative preferences for some criteria or characteristics in the electrification solution, even considering feasibility thresholds. In addition, instead of obtaining a unique result from a set of input data, many design options can be examined, so the final solution is less subject to the quality of information gathered; which may be very useful in rural areas of developing countries (Alfaro et al., 2017) . Multicriteria is a research area still under development so most reviewed works focus on the decision-making process itself, without any detailed examination about the evaluated scenarios or solutions. In addition, their application is mainly centred at large-scale projects, analysing global and macro-economic indicators and electrification solutions; while their application to a local context in developing countries still needs to be addressed, including the specific characteristics of each case study. This lack is probably due to the tight budgets in this context that force projects to be rapidly implemented, rather than progressively adapting the design to the population particularities.
In terms of systematised software, several applications have been developed, which allow project developers to design electrification systems under a user-friendly interface and in such a way that different contexts and situations can be addressed. Software based on optimisation and multicriteria have been developed; in the first case to achieve optimal solutions and in the second case to assess decision-making. Some of the reviewed tools include a sensitivity analysis, to determine the influence of input data on the obtained results. A particular emphasis is put on a few tools using a hybrid approach, i.e. optimisation and multicriteria techniques, which has proved adequate to take advantage of the strengths of each other (Bhattacharyya, 2012) . In regions where data gathering is not easy, first developing efficient solutions, through optimisation models, and then selecting the best one, through multicriteria processes, has been recommended to achieve a higher realism in representing the problem and taking decisions knowing part of the problem beforehand (Alarcón-Rodríguez et al., 2010). As a summary of the most relevant design-aid tools (HOMER, ViPOR, SURE and Domenech et al. 2015), Table  1 shows the characteristics of the problem that can be addressed with each one, in terms of electricity supply (wind and PV generation, battery storage and diesel backup), electricity distribution (microgrids and individual supplies), design considerations (economic, technical, environmental and social issues) and a sensitivity analysis of results.
The research on the design of wind-PV rural electrification projects is still under development. . In this regard, the approaches used to assist project developers across the design process should be able to incorporate the novel issues identified from the assessment of real projects. This is the key issue when extending the existing approaches or when developing new ones; particularly those systematising the design process.
Conclusion
Lack of electricity access is still an issue in many isolated and poor rural communities in developing countries, where the techno-economic resources are generally limited for an appropriate analysis of electrification solutions. This paper is particularly focussed on electrification projects combining wind-PV generation technologies, as they do not create external dependencies and are present almost everywhere; storing electricity in batteries, to mismatch the gap between generation and consumption periods; and distributing electricity through microgrids and individual supplies. The design of such projects may be seen as a complex combinatorial optimisation problem, even more when including social issues in order to satisfy end-users real requirements and expectations.
In order to assist in the decision-making process when designing electrification projects, different approaches and methods have been developed. The literature review is organised in three main categories: optimisation processes, multicriteria processes and software tools. The first category aims to optimise an objective function (generally the project cost) subject to a set of technical constraints, using exact or heuristic algorithms for the resolution. Some works focus on the generation system, by optimising the combination of technologies in order to cover the specified demand, according to the available resources. Other works, focus on the distribution system by designing detailed microgrids, which may not be appropriate in regions where reliability is not as relevant as providing a basic electricity service at a limited budget. Very few works simultaneously address the design of the generation and distribution systems in order to entirely define electrification projects, but without including social aspects. The second category starts from a set of predefined scenarios and selects the best one according to several criteria, commonly grouped into technical, economic, social and environmental. The reviewed works tend to address the decision-making procedure, but the way as the predefined solutions are obtained is not always detailed. In any case, the decision-making procedure is generally structured in four steps: criteria definition, criteria weighting, alternatives evaluation and results aggregation. Different multicriteria techniques can be used along this process, although their application to rural areas of developing countries, particularly regarding the design of electrification projects, has not been much studied. Finally, the third category compiles software tools developed under user-friendly interface to be easily spread among project developers. Different options have been proposed to assist in the design of the generation and, in a lesser amount, the distribution system. However, their application to rural areas in developing countries is limited given the lack of social aspects into the analysis and interactive interfaces enabling decisions to be progressively taken while studying the problem. Hence, although the technical issues may be achieved, the project sustainability is not ensured as end-users get the solution decided by project developers, without getting involved into the design process. Table 2 summarises the main strengths and limitations of the three reviewed approaches, which could be considered by researchers and practitioners when addressing the design of wind-PV electrification projects for remote villages of developing countries.
In short, optimisation processes focus on sizing generation technologies to satisfy the demand according to the energy resources or electrical details of distribution microgrids. The simultaneous design of generation and distribution solutions has been less studied, and social aspects are conceived as technical constraints having a social benefit. Multicriteria processes start from a set of predefined scenarios and select the best one/s according to technical, economic, social and environmental criteria. Attention is put on decision-making, but not the definition of the predefined scenarios. Finally, systematised tools provide user-friendly interfaces to be spread among project developers in developing countries. Social issues are receiving increased attention, particularly when addressing very specific issues at a local scale. 
